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THE EFFECT OF COMPRESSION RATIO, COCIE.D EXHAUST GAS MIXED ^«TH 
' INLET AIR, AND INLST-AIR TEL:PERATURE ON THE KNOCK-LIMITED 
PERFORMANCE OF A FULL-SCALE SINGLE-CYLINDER ENGINE 
By Ray Eo Eolz and Roland Preit^Adeser 

SUMvlARY 

Object, - To determine the effect on the knock-liniited permiesible 
pc7fer~cutput J on the indicated JEipecific fuel consumption, and on the 
cylinder temperatures (1) of exhaust-gas dilution of the inlet-air 
charge, (2) of inlet-air temperature y;ithout exhaust-gas dilution, ajid 
(3) of compression ratio. 

Scope c - Tests Y/ere made on a Wright R-ie20 0200 single-cylinder 
engine at an engine speea of I6CO rpm. The tests consisted of deter- 
mining the maximum permissi.ble engine performiance as lim.ited by knock 
under the follomng conditions ^ 

1* Compression ratio (7.0 to 10,0) without exhaust-gas dilation 
in the intake air ?nd at constant inlet-air t empjerature. 

2. Compression r?tio (7^0 to 10,0) with exhaust-gas dilution 
(0 to 20 percent, by i^^^eight of intake air) and at constant inlet-air 
tem.peratureo 

3. Inlet-air temperature (100^ F to 2^0^' F) with no exhaust-gas 
dilution and at constant compression ratio. 

Summiary of results, - The tests shcv/ed the follcwin^^' results; 

1. Increasing the cylinder com.pression ratio to 10,0 from the 
original value of 7.^0 decreased the knock-limited indic':]ted mean 
effective pressure 1:2 percent at a fuel-air ratio of 0.C6 and 2l| per- 
cent at a fuel-air ratio of 0/10. The respective decreases in the 
indicated specific fuel consumption for these fuel-air ratios were 

8 and 10 percent » 

2. Decreasing the inlet-air tempuarature at a compression ratio 
of 7oO to IC'O^ F from the originnl value of 2^0^ F increased the 
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knock-liiT.ited indicated mean 'Effective pressure 3^^ percent ^.t g fuel- 
air ratio rf '^\06 rnd 12 perc-nt -it f-.u-^l--.ir r-itio 0.10. 

3. The U3e of cooled exhaust g-'e mix^d vrith the intake air 
raised t!ie knock-iree power of a ccnvenoicnal aircraft fuel. 

h'- The use 01 ^--ixhaust gas caused an increase in indicated spe- 
cific fuel '■-jiisujfiptioa both Jihen th'-> engine was operated at the 
kno'jk- limited permissible perf orma}\ce and below this Irrr.itc 

5^ Exhaust-gas additions had a cooling effect on the engine 

head and cylinde}.^. The exhaust-valve-guide temperature ^ however, 

always exhibited a tendency to increase with exhaust-gas dilution at 
fuel-air ratios beJ.ow OoGo.':. 

6« The Uo/^ of exhaust -gas mixpd vdth the intake air at high 
compression racios to obtain the same p^wer output as the conventional 
low-compression -:.>ntio engine decreased the cylinder tempera-tures 

7^ /'vt a compression ratio of 7^^^ a F decrease in the inlet- 
air teYi'peratui e had the same average effect in raiding the knock- 
limited perfci-mance of the engine as an addition of 1 percent exhaust 
gas to the in;i.et air*. 

O -r-i 

8, Di.;crea3ing the inlet-air temperature from 2^0 F to ICO" F 
had no appreciable efface on the temperatures of the cylinder head 
and harrel, though the knock-lijiiited power output increased as much 
as 30 percent. For these conditions the exhaust--val\re~- guide temper- 
ature increased a m.aximum of 50^^ F at about 0-07 fuel-air ratio- 

Conclusions. - From an analysis of the test results, the -f.c Hewing 
conclusions woFe reached; 

1. The use of -exhaust gas as an internal coolant presents the 
following di3adv::mtages from consideraiions of engine operation: 

(a) Comiparatively high percentages of exhaust gas (O^-per-- 
cent by weight of intalce ^.ir or more) Tire required to produce psi 
appre^-'iable increase in knock-limited indicated mean effective pressure 

(b) The use of exhaust gas causes a decrease in indicated 
theimr.al efficiency and requires an increase in inlet-air i-'ressure for 
a given power output compared with conventional operation o 

2<. The advisability of the use of exhaust fras as -an intern:al • 
ooola.nt for increasing the maxi7num pei-mdssible power eutpuo of an 
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aircr-ft engine must be judged in addition to the d-ita presented in 
this paper on the difficultieo to be encountered in cooling the 
exhaust gas and in introducing it into the incoming charge. 

INTRODUCTION 

In early investirations concernj.ng the effect of exhaust-gas 
dilution on knock-- limited performance of engines, Ricardo (reference l) 
mixed cooled exhaust ga.s v/ith engine intake air and found the gas to 
be a knock inhibitor, Sanders and Barnett (reference 2) conducted 
similar tests to determdne the effect that engine exhaust gas m.ixed 
with engine intake air has on knock-limited performance of a CFR engine. 
As a result of the prcgra.m in reference 2, more complete tests were 
run on a V/right 162C G20C single-cylinder test engine and are reported 
herein. The purpose of these tests v/as to survey the following possi- 
bi.lities: 

1. To use exhaust gas as an internal coolant in conjunction with 
the use of hi:-- her compression ratios to accomiplish an increase in the 
thermal efficiency of engines without lowering the knock-free power 
output. 

2. To use exhaust gas as an internal coolant in existing air- 
craft engines to increase take-off and cruising knock-free power out- 
puts. Such an increase would result in lov/er specific engine vjeight 
and therefore in increased load^-carrying capacity,, speed, or climb for 
a given airplane. 

The ad;vantage of using exhaust g^.s as an internal coolant is that 
a continuous supply may be taken directly from the engine v/ithout the 
necessity of carrying additional fluid in the airplane. The obvious 
disadvantage is the equipment that v.''ould be necessary for cooling the 
engine exhaust gas prior to injection into the intake air 5 The term 
"inlet mixture" as used in tliis report refers to a mixture of air 
and exhaust gas existing in the intake system before fuel injection. 

Of ij'xterest also is the experimiental evaluation of the effect 
of inlet-air tempera tare and compression ratio on knock-limited engine 
performance as a means of comparison with the exhaust-gas results. 

The experiments v/ere conducted at Langiey Memorial Aeronautical 
Laboratory in October and November 19U2a 



APPARATUS 

Test engine > - The tests were made using a Vifright l32vO G200 
cranl<:case and cylinder equipped with a special high-compression 
piston for obtaining a compression ratio of 10. 0« Compression 
ratios of 7oO<, and 9*0 were obtained by the use of spacers 

betyfeen the crankcase and cylinder flange. The compression ratio 
was checked by oil displacement. 

Engine torque ivas measured with a 1^0-harsepower cradle dyna- 
mometer and engine speed v^as determined with an electric timer and 
revolution counter o A constant engine speed of I6OO rpm. was main- 
tained through the use of a 60-cycle neon lamp and appropriate fly- 
wheel markings « 

Incipient knock was determined by a magnetostriction pickup in 
conjunction with an oscillograph. The engine temperatures were 
determined from, calibrated s^ii-face thermocouples and from a potenti- 
ometer . 

Cooling (figo 1) . - The engine cooling air originated from a 
rotary blower in series with an induction blower. The energy of 
relatively high-pressure air from the rotary blower was utilized to 
induce a large volume of lovv-pressure air for engine cooling. The 
quantity of cooling air was controlled both by the speed of the miotor 
driving the blov/er and by a slide valve in the cooling-air duct. The 
engine was equipped vath an aluminum coivling closely formed to the 
shape of the cylinder. No means of controlling the temnerature of 
the cooling air supplied was available. The m.aximum variation of 
this temperatui'e throughout the test program, was ±8*^ F. 

Comb ustion ai r ( fig, l ) . - Com.bus^ion air originated from the 
laboratory supply line; the pressure was controlled by a pressure- 
regulating valve. Air quantity was measured by a square-edge thin- 
plate -orifice meter. A heater with a manually controlled bypass 
valve regulated the inlet-air temperature before its entry into the 
inlet surge tank. The surge tank was of approximately 10-cubic-f oot 
capacity and was separated from the engine by a short inlet pipe 
equipped with a venturi throat and a fuel needle valve. The inlet- 
air thei'mometer was located in the outlet of the surge tank. Througl 
out the tests the inlet-mixture pressure and the i]iLet-air pressure 
were limited to 60 inches of mercury absolute by the heating capacity 
of the air-heater coils. 

Exhaust gas (fig>- 2) . - The engine had normal exhaust through a 
silencer to a lower-press-ure vent trough. A 1-inch p^ipe, v/hich was 
connected to the exhaust pipe at the engine port, passed exhaust gas 
through 20 feet of water-jacketed cooling pipe and a v/ater trap to an 
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exhaur.'t— gas compressor • Completing the exhaust-gas system was a 
large surge tank v;ith a pressures-regulating valve to maintain a ccn.- 
stant tank pressLu-e of 90 inches of mercm^y absolute, a vvater trap, 
a square-edge thin-plabe orifice for measuring the quantity of flcY\r- 
Lng gas, and a globe control valve. The exhaust gas was piped to 
the inlei-air surge tank near the inlet-pipe ccnnecti-^n of the engine. 
No special ^-revision \^/as made for ^nixing the ex;haust gas with the 
inlet air other than that provided by the turbulence in the surge tank. 
In all tests the quantity of exhaust gas was li:riited by the capacity 
of the exhau.st-gas compressor to 20 percent of the intake air. 

All orifices were installed and calibrated according to the recom- 
mendations of the A..3.M.E. 

Fuel (f ig. 2) , - The fuel -measuring device consisted of a glass 
burette of l72^pound capacity with a photoelectric-cell timing device. 
Measurements of the rate of f^iel flow v/ere taken by a rotameter. An 
independent., gear-type fuel pump; supplied low-pressure fuel {^0 to 
60 Ib/sq in.) for continuous injection. The amount of fuel supplied 
to the engine was regulated by a bypass on tiie pump and by a m^anually 
controlled mixing valve in the inlet pipe. The fuel v/as injected 
upstream into the m.anif old venturi about 1^^ inches from the inlet port 
of the engine 5 the injection was in the form of several continuous 
streams of fuel from drilled orifices in the injection tube. All 
fnel lines were water- jacketed. 

The fuel used throughout the test was Army 100-octane gasoline 
obtained from the Army supply station at Langley Field, Va. 

TEST PROCEDURE 

E ■luilibr i^im engine conditions were establislied and check points 
taken before each day^s ran. When the oil tem.perature, the irjd.et- 
ai.r temperature, the cooling-air pressure, and. the exhaust-gas-tank 
pressure had aJ.l attained their desired conditions, the fuel flow^ was 
regulated for rich-mixture operation. The inlet-air pressure and 
the corresponding differential pressure at the exhaust-gas orifice for 
tlie desired mixt'ore were then increased by increments at the point of 
incipient knock. All ot'ner controls were simultaneously adjusted for 
consi:.a:it engine conditions. The test readings were recorded after 
10- to l.^-minute operation at each particular point which allov;ed equi- 
librium to be established. Lean-!Tiixture points i^^ere taicen by setting 
tlie inlet-a.i.r pressiu'e, the exhaust-gas orifice differential pressure, 
and the inlet-air temperature at desired values and then by increasing 
the fuel floY^ to the point of incipient knock. 
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The f ollo-vvi.n[2; tests were conducted to determine the effect of 
various factors on engine performance: 

[En!?;ine speed, I6OO rpm.; cooling-air pressure drop, 6.^ in. water; 
oil-out tem.perature, 16^"^ F to 175^ F] 



Spark 
advance 
(deg R.T.C.) 


Inlet- \ Inlet- 
mdxture ! air 
tem.pera- j tempera- 
ture ! ture 
(^F) I m 


Exhaust- 
gas dilu- 
tion 

(perceni.) 


Compres- 
sion 
ratio 


Lima ting 
condition 


Effect of exhaust-Kas dilution at various compression ratios 


20 


2^0 


— 


0, V\ 20 


7.0 
8.0 

9 0 0 

1 0 0 


Incipient 
knock 


Effect of 3park advance 


20 






20 


0 

y * - 


Incipient 
knoc'c 




Effect of exhaust-pas dilution at constant imep 


20 


23'0 




0 
10 
20 


7.0 


imep, 162 
Ib/sq in. 





Effect of inlet-air tempera cure 



2C 




100 


G 


7.0 


Incipient 






li^O 






knock 






200 












2'^0 









TEST RESUIJ'3 

Effect of Ccm.pression Ratio on Maxim.umi 

Permissible Engine Performance 

Figure 3 presents the relation bet-veen fuel-air ratio and 
knock-limited performiance y/hen the en^^ine was operaLed with fresh 
intake air and a constant spark advance of 20'^ B.T.C. at compression 
ratios of 7 ••^5 ^-0, 9.0, and 10.0. The spark advance was retarded 
a few degrees from optimmimi for the engine o[)erating at I6OO rpm^ and 
7.0 ccmiprossion ratio. Tne data of fi.c'ure 3 are cross-plotted in 
figure ii as constant fuel-air-ratio curves. Tho plotted points are 
not data [joints but are shown to illustrate the consistency of the 
curves . 
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Values of indicated specific fuel consumption for a compression 
ratio of 10-0 as compared with a compression ratio of 7.0 vrere appre- 
ciably lower, For example, the percentage decreases at fuel-air 
ratios of 0»06 and 0.10 are 8 and 10, respectively. (See fig. U.) 
Accompanying this noticeable increase in engine efficiency at higher 
compression ratios, however, is a decrease in available knock-limted 
mean effective pressure. At a compression ratio of 10.0 compared with 
a compression ratio of 7.0 (fig» h) the percentage decreases are Li2 
and 2h at fuel-air ratios of 0.06 and 0.10, respectively. This decreas 
in maximum permissible power is primarily a result of higher combustion 
temiperature and density and, therefore, of higher end-gas temperature 
and density accompanying higher compression ratios. The decrease is 
secondarily a result of greater flame spee'ls at higher compression 
ratios with no readjustment of the spark advance to optimum at each 
compression ratio. (See reference 3 0 

Figure ^ presents carves of constant indicated mean effective 
pressure showing knock-limiited enni.ne perf vormance over the. range of 
compression ratios from 7.0 to 10.0. The lines representing knock-- 
limited indicaxed m.ean effective pressure over the range of fuel-air 
ratios from 0.06^9 to 0.10 show that any increase in power at the knock 
limit at a given ccmpression ratio must be accomplished by an increase 
in fuel-air ratio. Figure also shows that for any given power out- 
put the required inlet-air pressure decreased for higher compression 
ratios even though the fuel-air ratio increased. 

Effect of Compression Ratio on Engine Temperatures 

Figure 6 is a record of the temperatures of the cylinder head, 
the cylinder barrel, and the exhaust-valve guide corresponding to the 
conditions in figure 5* The visual im.pression presented by the 
curves - namely, that the cylinder head, the cylinder barrel, and the 
exhaust-valve-guide temperatures decrease with an increase in compres- 
sion ratio - is misleading because the power output also decreased. 
Unpublished NAGA data indicate than an increase in compression ratio 
at constant indicated mean effective pressures increases the tempera- 
tures of the cylinder head and d.ecreases the temperatures of the cyl- 
inder barrel and the exhaust-valve seat and guide. 



Effect of Exhaust Gas on Full-Scale Single- • 

Cylinder ?]ngLne lerformance 

Figure 7 presents the relation betv/een fuel-air ratio and the 
knock-limted performance when the engine 7^as op^^rating with fresh 
intake air, with 10 percent exhaust gas added to intake air, and 
with 20 percent exhaust gas added to intake air at compression ratios 
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of 7.0, 8.0, 9.0, and 10.0. The exhaust-gas concentration is 
exprossed as percentage by weight in the mixture relative to fresh 
air . 

These exh?jj.st-gas tests were run at a ccnstant spark advance. 
The analysis of the effect of exhaust gas on the reduction of flame 
speed, hcYrever, led to the series of curves of figure 3. Three runs 
were made at a spark advance of 20^, 2^^, and ^0^ B.T.O. using 20 per 
cent exhaust gas at 9-0 compression ratio. The advancea spark (fig. 
brought about a much lower indicated specific fuel consum.pLion and 
also a Immr knock-limited indicated m.ean effective pressure. This 
decrease in knock-limited indicated mean effective pressure indicates 
that pjeak pressures were occurring m.ore nearly at top dead center for 
higher spark advances and were thus aggravating the conditions that 
led to knock. The results indicate that the spark advance of 
JO*-' B.T.C. was approaching the optimium value at an engine speed of 
1600 rpm and a compression ratio of 9-0, when 20 percent exhaust gas 
was used. The relation of optimum, spark advance to varying compres- 
sion ratio and to varying exhaust-gas dilution, however, cannot be 
predicted from these data. 

The of feet of a 20-r;ercent addition of exhaust gas on maximum, 
permiissible engine operation at two representative fuel-air ratios 
is indicated in the follovving table; 

[All values are expressed as percentage increase of the 
20-percent exhaust-gas dilutJ.on, knock-limdted performi- 
ance fact-ors over the conventional O-percent perforinance 
factors.] 
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Increase in indi- 
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cated specific 
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tive 

( 


pressure 
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(percent) 






0.06 fue 


1-air ratio 
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0.0 
9.0 
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57 
12 
if 

M 


12 
10 
9 
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0.09 fuel-air ratio 


7.0 
6.0 
9.0 
10. G 


26 


29 
U6 
U7 


7 

9 

0 
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The folloivi^ng table. -pr^^^sents tiie data cf indicated sneciric fuel 
consu-rr.pticn for exhaust-gas dilutions of 0 and 20 percent at the 
knock limit : 



Indicated specific fuel ccnsu^np'tion 

(IrA^^ri^L) 



Corr.pres- 
3 ion 
ratio 


?uel-air ratio ^ 

0 . 06 


Fuel-air m-tic^ 
0,05 


Exhaust- gc 
(perc 

0 


s dilution 
ent) 


Exhaast^-gc 

ij^'^ 

p 


.3 dilution 

:ent) 

20 


7.0 

0,0 
9.0 

lO.G 


.360 
• 35!:^ 


C\U06 
.395 
.570 
.7'i;8 


0,^33 

ol> 
ooo 

.Ii75 


0,b?0 
. i^cO 
.^,20 



It is evident from this table and from figure 7 that the addition cf 
exhaust gas noticeably increases the knock-limited indicated mean 
effective pressure at the higher compression ratios both on an abso- 
lute and on a percentage basis. It Tha/ also be seen thai: the addi- 
tion of exhaust gas increases the indicated soecific fuel consumption 
and that this increase oecomes sjvUlor at the higher compression rati-os. 

These pri.enom.ena ma7 have their explana.tion in tiie fact that con- 
stant spark advance ^ms used throughout the experiment. Tt has been 
sho^.'Vn (reference 3) that for high.er compression ratios ■■^ptim.um spark 
advance usuall/ decreases, oth^r coiiditions being constant^ v/hereas 
the addition cf exhaust gas to the in].et air tends t.o increase the 
optimum spark advance. Therefore, Lhe coim^d.' lation of these two 
opposing but unequal effects, coupled v/ith the fact that the sr-^ark 
advance of 20^' B.T.C* v;as a fev/ degrees retarded from oot.imAim at 
7.0 com]:res3ion ratio with no exhaust-gas dilution^ may have produced 
more nearly optimiam. spark advance at the higher compression ratios 
■v\dth exhaust-gas injection and may account for the more favoraole 
effect of these gases on engine efficiency at the higher comp'ress j.on 
ratios. According to figure 8, it is quite possibLe that the addi- 
tion of exhaust gas may not affect tho specific fuel consumption if 
the spark advance v.rere set at optimum for each exhaust-gas dilution. 
The use of optimum spark advance^ however^ would reduce the effective- 
ness of the exhaust gas in increasing permissible povTor. 

Figuro 9 is a clear illustration of tne increase in indicated 
specific fuel consum.Dtion with exhaust-gas addition at 7.0 com}.-ression 
ratio because it was taken at constant indicated .mean effective pres- 
sure well below the detonation level. 



10 



ITACA iJlR No . UC3I 



The curves from a CFR engine presented in reference 1, shovdng 

the relation of indicate--! speciiic fuel consumption to fuel-air ratio 
for s compression ratio of 7.0, exhibit no definite increase in indi- 
cated specific fuel consumption for exhaust--gas additions of < and 
7 percentc This f^^ct is not nece-sarily contradictory to the present 
results, hov-rever, because the vSpread of the points f'jr indicated spe- 
cif j.c fuel cons^imption in the CFR data is ^.s great the expected 
vciriation and the percentages of exhaust c^as used in the CFR test were 
not sufficiently large to establish a definite trev.d. 

From fi-nire 7 , a comparison can be made of the curve for 20-percent 
exha.ust-gas dilution at a com.pression ratio of ICoO vnth the. cui've for 
C-percent exhaust-f-as dilution at a com.pression ratio of 8.0. Quanti- 
tatively similar knock-limJ.ted indicated-mean-effective-pressure curves, 
indicatinr-; equal povrer outputs, are revealed. The indicated specific 
fuel consumption over the range of fuel-air ratios from O.O6? to 0.10, 
however, is lower at the 10.0 co^npression ratio that at tae fi.O com- 
pression ratio; the maximum difference is about ^ percentc In addi- 
tion, the cylinder te^'iperatures plotted in figures 10(b) and 10(d) are 

F to .^0^ F lower at 10,0 compression ratio than at ^he ^.0 compres- 
sion ratio. A cooling advantage as well as an efficiency advantage 
associated with the use of high compression ratios ana exhaust-gas 
dilution is thus indicated. These temperature effects will be more 
fully discussed. 

Figure 11 clearly illustrates the comparison of indicated specific 
fuel consumptions a-- various knock-limited levels l^y showing the rela- 
tion between indicated snecific fuel consumiption and indicated miean 
effective pressure for the test conditions given in figure 7« At an 
indicated specific fuel consumption of 0,375, about 10 percent more 
power is available for the 20-percent-exhaust-gas dibation at 10.0 com- 
pression ratio than for the 0-percent dilution at o,0 com.pression 
ratio c This advantage rapidly decreases at higher fuel-consumption 
operation. Contrary to the higher efficiency advantage ^accompanying 
the use of high compression ratios v/ith exhaust-gas dilution is the 
fact that such a practice requires appreciably higher boost pressures 
for a given r^ov^er output. This difference is from 5 to 5 inches of 
m.ercury in the comparison just cited. P'igure 9 also clearly illus- 
trates this fact becau^^e a 30-percent increase in inlet-air pressure 
is necessary, when 20-percent exhaust gas is used, in order to accomi- 
plish thie same powei- out.put attained when the engine was operated with 
no exnaust-gas dJ.lution and with all other conditions equ.al. 

From these res^ilts it seems reasonable to conclude that the addi- 
tion oj^* exhaust gas at higher compression ratios offei'S the advantage 
of better fuel economy at the same power-output level that exists for 
aircraft pngines of lov/e"^" compression ratio bub offers the disadvantage 
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of appreciably higher boost pressures required for the same power out- 
put. The supercharger and aftercooling requireruents are thus increased 
and the critical altitude attainable with a given installation is 
lorrered. 

The use of exhaust gas for increasing the pov;er output of conven- 
tional aircraft engines vdth lower compression ratios may also be 
evaluated from the re:vults of these tests. Figure 7, for a compres- 
sion ratio of IS) and an exhaust-gas dilution of 20 percent, shoi/vs an 
increase in knock-limited indicated m.ean effective pressure of about 
U percent at a fuel-air ratio of 0.09, an increase of 2^ percent at a 
fuel-air ratio of 0.06, and a further, but questionable, leaner-region 
power increase over the knock-limited indicated mean effective pressure 
available i\'hen no '?'-xhaust gas ^Yas used. In the light of present-day 
aircraft operation, therefore, when an exhaust-gas dilution of 20 per- 
cent and the conditions of the test illustrated in figure 7 were used, 
the take-off horsepoy-jor could oe increased U percent and the engine 
could be op-rated at a lov/er fuel-air ratio during take-off because 
of the cooling effect of the exhaust-gas ad'Iition (fig. 10(a)), The 
cruising horsepovver, hc/^^ever, could be increased up to 2^^ percent with 
resulting advantages of higher speed and better climb. In these cases 
of exhaust-gas dilution, an additional v/eight on the aircraft would 
exist because of the required exiiaust-gas cooler and increased pov/er 
would be required by tlie supercharger for any given engine outputs 

In general, the engii^ie performance at higher percentages of 
exhaust-gas dj.lution was limited to a smaller range of fuel-air ratios 
and the knock itself became more unsteady and v*/as audible at varying 
intervals during any one test. Operation was especially erratic in 
the lean regions and may have been caused by: (l) non-homiOgeneous 
mixing of tne exha'ist gas v.dth the intake air causing varying percent- 
ages to exist within th.e cylinder at different strokes s (2) fa',ilty, 
uneven fuel injection;i or (5) a combustion cliaracterist ic associated 

the gasc Because miuch better operation in the limiting regions 
of fuel-air ratio was p^ossible vdth greater spark advance, point (3) 
Y^as probably predominant • 

Because the capacity cf the com.presscr imas limited, 20 percent 
is the highest recorded percentage of exhaust gas used in these tests; 
ci fev; isolated points were taken at 50 percent, however, and indicated 
fairly smooth engine operation and fairly O'roportional increases in 
tlie limits of maximum permissible -ngine c proration. These higher 
percentages of exxhauvSt gas further limited the operating rang-, of fuel- 
air ratio. 
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Effect of Exhaust Gas on Enr:ine Teir.peratures 

Fissures 10 and 12 show engine temperatures at vari-cus points 
on the cylindei' heal and cylinder bar-rel as f-jjictions of fuel-air 
ratio. Figure 10 indicates the effect of exhaust ^;;a3 on knock- 
limited engine temperatures for the fo'-ii^ compression ratios tested. 

An imocrtant trend is tne general cooling effect that exhaust 
gas has on all e?igine temperatures vn.th the exception of the tem.per- 
ature of the exhaust-valve guide. Figure 12 indicates this fact 
very clearly because the temperatures are those that existed for con- 
stant indicated mean effective pressure with various percentages of 
exhaust gas . 

The temperatures at the center of the head^ at tne rear sp}ark- 
plug bushings at the rear middle of llie cylinder barrel ^ and at the 
rear barrel above the cylinder flange are IcviereCi by an exhaust-gavS 
dilution 01 20 percent at the 7«0 compression ratio (fig. 10(a)) even 
though the povv^er output is increased. In the case of the higher com- 
pression ratios, these same termDeratures tend to increase slightly 
above their initial exhaust-gas-dilution value of 0 percent in the 
region leaner than aocut 0,C7 fuel-air ratio. 

The temperature of the exhaust-valve guide for the tests with 
exhaust-gas dilution alirays increased considerably in the lean regions, 
as shoTO in figures 10 and 12. This increase is probably a direct 
result of the effect of exiiaust ^ras on retarding the rate of comibustion, 
although this statement cannot be suppverted by tl"ie data of tlie p-resent 
report. For satisfactory use of exhaust gas in present aircraft 
engines, however, better cooling for the exhaust-valve guide would 
probably be necessary, although no operatin--^ troubles were experienced 
during this test. 



Effect of Inlet-Ai.r Tem.perature on tt:e Ferformance 

of a Full-3c-de Single-Cylindej:' Engine 

Figure I3 indicates the knock-lirndted per f or::iance of the engine, 
operating with fresh-air intake and 7-"^ conioression ratio, for inlet- 
air temperatures of 100'", 1^0^, 200^, and 2-^0^" E. These data are 
cross-plotted in figure 114 as constant fuel-air-ratio curves. As in 
figure U, points are shown on].y to indicate the consistency of the 
curves and are not actual aata points r The increase in knock-limited 
indicated mean effective pressure available by reducing tlie inlet-air 
temperatiire from 230'"- F to 100'^ F is percent at O.O6 fuel-air ratio 
and 12 percent at OdO fuel-air ratio. In audition, thiis increase 
in permissible povver at the knock limit, made possible by lowering the 
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inlet-air temperature^ is accomplished with no change in indicated 

specific fuel consumption and with a small increase in inlet-air 
pressure. As a result^ a comparison of figure 13 with figure 7 for 
a 7.0 compression ratio shows that a 4^ F reduction in inlet-air tem- 
perature has the same general effect toward increasing the maximum 
permissihle power output of the engine as a 1-percent exhaust-gas 
dilution and is not accompanied by any rise in indicated specific fuel 
consuinption^ as was the case in the use of exhaust gas over the range 
of fuel-air ratios tested. These data stress the necessity of cooling 
the exhaust gas to the inlet-air temperature and also serve to show 
the importance of aftercooling in relation to pemissible engine power. 



Effect of Inlet-Air Temperature on Engine Power Output 

Cylinder-head^ c:/linder-harrel^ and exhaust- valve-guide tempera- 
tures are shoT.n in figiure 15 for inlet-air temperatures of 100^ F and 
250^ F. Even though the engine power output for the 100^ F inlet-air 
temperature exceeded the output at 250^ F inlet-air temperature by 
about 13 to 24 percent^ the temperatures of the cylinder head and barrel 
remained practically unchanged. They were slightly lower in the rich 
region and slightly higher in the lean region. The exhaust- valve- 
guide temperature exhibited a more marked increase in the lean region. 
The maximrm increase was about 30^ F at a fuol-air ratio of 0.07, 



DISCUSSION 

The use of higher compression ratios to increase the thermal 
efficiency of an aircraft engine is a satisfactory procedure^ but 
such a practice is always accompanied by a large decrease in Imock- 
limited power output of an engine at a given fuel-air ratio. An 
immediate solution to this problem may lie in the use of a suitable 
coolant fluid taken into the cylinder with the fuel-air mixture to 
raise the maximum permissible performance of the high- compression- 
ratio engine to the level of existing engines of lower compression 
ratio. If this internal coolant is of such nature that it need not 
bo carried as part of the fuel load^ it may then reduce the indicated 
specific fuel consumption without sacrificing the weight-power ratio 
of the engine. 

The use of exhaust gas as the internal coolant appears unsatis- 
factory from the results of this test for several reasons. First ^ 
the use of exhaust gas causes a decrease in thermal efficiency^ partly 
nullifying the advantage of an engine with a higher compression ratio, 
and requires a very noticeable increase in inlet-air pressiure for a 
given power output compared with an engine operating with frosh-air 
intake. This need for an increase in inlot-air pressure means greater 
supercharger and aftercooling requirements and a lower critical alti- 
tude for a given aircraft installation. 



Second, the exhaust gas must enter the cylinders 8 long ^.vith the 
air und'^'r inlet-f. ressure conditions. Therefore, if the exhaust gas 
is introduced into the cylinder inlet manifolds, the pressure must 

be obtained from the energy of the exhaust gas as it leaves the 
engine cylinder or the gas must be passed through the supercharger. 
If the first method is possible, it m.ust be accomplished without 
appreciably incr'^-asing the back pressure on the enginej otherwise the 
power advantage accompanying the use of exhaust gas miaiy be offset. 
If the exhaust gas is introduced ahead of the supercharger, a further 
increase in power requiremients ^f this unit may again tend to offset 
the increased power output available through the use of the gas to 
i T: h Ih i t e r.g i n e knock, 

Finall;/, the use of exhaust gas vrould necessitate cooling practi- 
cally all of the gases from 2 of 9 cylinders, or 3 of lU cylinders, 
from, about l6G0^ F or iBOC"^ 7 to the inlet-air tempjerature . Ax. air- 
cooled heat exchai, ger would have, to be adapted for this cooling, and 
calculations indicate that a large cooling surface vv^ould be necessary 
vrith a cerrespondinfT weight of 1[^0 pounds or more for a conventional 
12G0-hor sepoY\rer engine. It m.ay be pointed out from reference U, how- 
ev<r-r, that the use of a heat exchanger inay not cause an appreciable 
additional drag on the aircraft installation (at cruising speed). 
The design miay be vsuch as to take advantage of the '^Meredith effect^^ 
in deriving thrust power from the heat energy of the exhaust gases 
absorbed by the air, Tbiis thrust power gained from, the Meredith 
effect at high aircraft speeds tends to compensate for the povier lost 
in coolj.ng-air drag and, under some conditions of flight, m.ay even 
produce a small net thrust aiding propulsion. The heat -exchanger 
unit, however, would always offer the disadvantage of increased instal 
lation weight and take-off drag. 

The other method investigatp.d in this project for increasing the 
power output of an engine is the use of low temperatures of the com- 
bustion air supplied to the engine cylinders. This practice is very 
effective and shows the advisability of using an aftercooler for 
miUlticylinder aircraft-engine installations. The disadvantages to 
this installation are again the heat-exchanger-weight limdtations and 
the increased drag. 

SimARY OF RESULTS 
The tests showed the following resuli-MS: 

1. Increasing the c^/Hnder ccmipression ratio to 10,0 from the 
original value of 7.G decreased the knock-l;lmited indicated m.ean 
effective pressure 14.2 percent at a fuel-air ratio of 0,06 and 2h per- 
cent at a fuel-air ratio of 0,10, The respective decreases in tVie 
indicated specific fuel consumption for these fuel-air ratios virere 
8 and 10 percent • 
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v2. Decreasing the irJ.et-air temperature at a coinpression ratio 
of 7.0 to 100^ F from the original value of 250^ F increased the 
Imock-limited indicated mean effective pressure 30 percent at a fuel- 
air ratio of 0,06 and 12 percent at a fuel-air ratio of 0.10, 

3. The- use of cooled, exhaust gas mixed with the intake aii* 
raised the knock- free power of a conventional aircraft fuel* 

4. The use of exhaust gas caused an increase in indicated spe- 
cific fuel consmption "both when the engine was operated at the knock- 
limited permissihle performance and belov/ this limit. 

5. Exhaust-gas additions had a cooling effect on the engine 
head and cylinder. The exhaust-valve-guide temperature, however 
always exhibited a tendency to increase with exhaust-gas dilution at 
fuel-air ratios helow 0.065. 

6. The use of exhaust gas mixed with the intake air at high 
compression ratios to obtain the same power output as the conventional 
low- compress ion- ratio engine decreased the c^^linder temperatures. 

7. At a compression ratio of 7.0, a 4*^ F decrease in the inlet- 
air temperatui-'e had the same average effect in raising the laioclc- 
limited performance of tho engine as an addition of 1 percent exhaust 
gas to the inlet air* 

8. Decreasing the inlet-air temperature from 250^ F to 100^ F 
had no appreciable offoct on the temperatures of the cylinder head 
and barrel, though tho knock-lijuited power output increased as much 
as 30 percent. For these conditions the exhaust -valve -guide tempera- 
ture increased a maximm of 30° F at about 0.07 fuel-air ratio. 



COKCLUSIOKS 

From an analysis of the test results on a Wright E-1020 G2C0 
engine, the following conclusions were reached: 

1. The use of exhaust gas as an internal coolant presents the 
following disadvantages from considerations of engine operation: 

(a) Comparatively high percentages of exhaust gas (20 per- 
cent by weight of intake air or more) Ovre required to produce an 
appreciable increase in knock-limited indicated moan affective pres- 
sure. 

(b) The use of exhaust gas causes a decrease in indicated 
thermal efficiency and req^uires an increase in inlet-air pressure for 
a given power output compared with conventional operation. 



16 



ITACA AHR Ho. UC31 



2c The advisability of the use of exhsust gas as an internal 
coolant for increasing: the r^aximuTi permissible povvrer ciitput of an 
aircraft engine must be judged in addition to the data presented in 
this paper on the difficulties to be encountered in cooling the 
exhaust gas and in introducing it into the incoming charge. 

Aircraft Engine Research Labor.- tcry^ 

National Advisory Committee for Aeronautics^ 
Cleveland^ Ghioo 
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Figure 3« ~ Effect of compression ratio on maximum permissible performance as limited by 
knock. Wright 1^20 G200, single-cylinder test engine; oil-out temperature, 170° F; spark 
advance, 20° B.T.C.; engine speed, l6oo rpm; inlet-air temperature', 250° F; cooling-air 
pressure drop, 6.5 inches of water; fuel. Army 100 octane. 
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Figure ^. - Effect of compression ratio on maximum permissible performance as limited by knock. 
Wright 1820 (J200, single-cylinder test engine; oil-out temperature, 170° F; spark advance, 
20° B.T.C.; engine speed, l600 rpm; inlet-air temperature, 2^0° F; cooling-air pressure drop, 
6.5 inches of water; fuel. Army 100 octane. Cross plot of data from figure 3. 
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^'Igure 5. - Effect of compreBslon ratio on maximum permissible performance as limited by 
knock. Wright 1520 GPOO, single-cylinder test engine; oll-out temperature, 170° F; 
spark advance, 20° B.T.C.; engine speed, I600 rom; Inlet-alr temperature, 250° F; coollng- 
alr pressure drop, 6.5 Inches of water; fuel, Army 100 octane. 
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Figure 6, - Effect of compreaelon ratio on engine temperatures at maximum permissible 

performance as limited by knock. Wright 1S20 0200, single-cylinder test engine; oll-out 
temperature, 170^ F; epark advance, 20° B.T.C.; engine speed, 1600 rpm; Inlet-alr tem- 
perature, 250° F; coollng-alr preseur* drop, 6.5 Inches of water; fuel. Army 100 octane. 




"00 aT" .05 .0^ .07 .OS .09 .10 Til 

Fuel-alr ratio (1 block « 10/32") 

Fieurs 7a.- Effect of exhauet-gas dilution on maximum performance as limited by knock. 

Wrltrht 1S20 0200. single-cylinder teat engine; air and exhauet-gas mixture, Inlet temper- 
ature 250^ FiBpark IdvaiiJe, 20^ B.T.C.; oil-cut temperature, 170^ F; engine speed, 
1600 rpm; coollng-alr pressure drop, 6.5 Inches of water; fuel. Army 100 octane. 
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Figure 8. - Effect of spark advance and exhaust-gas dllutldn on maximum permissible performance 
ae limited by knock. Wright 1820 0200, single-cylinder test engine; compression ratio, 9.0; 
oil-out temperature, 170 F; engine speed, l600 rpm; inlet-air and exhaust-gas temperature, 
250^ F; cooling-air pressure drop, 6.5 inches water; fuel. Army 100 octane. 
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Figure 9. - Effect of exhauat-gas dilution on fuel conaumptlon at constant Indicated mean 
effective pressure of l62 pounds per square inch. Wright 1S20 G200, single-cylinder teat 
engine; spark advance, 20° B.T.C; compression ratio, 7.0; oll-out temperature, 170° F; 
engine speed, l600 rpra; Inlet-alr temperature, 2^0° F; coollng-alr pressure drop, 6.5 Inches 
of water; fuel, Army 100 octane. 
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Figure lOa.-Efftct of exhaust-gas dilution on cyllndtt* temperatures at knock. 

Wright 1820 0200, single-cylinder test engine; spark adrance, 20° B.T.C.; oll-out tem- 
perature, 170" F; engine speed, I600 rpm; Inlet-alr and exhauat-gaa temperature, 250" F; 
ooollng-alr pressure drop, 6,5 Inches water; fuel. Army 100 octane. 
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Figure 11. - Indicated eoeclflc fuel conBumptiona required at ▼arloue knook-llmlted levels 
with exhau8t-gae dilution at fuel-air ratlce above O.065. Wright 1820 0200, elngle- 
oyllnder test engine; epark advance. 20° B.T.C.: oll-out temperature. 170° F: tnalne aoeed. 
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Figure 12. - Effect of exhaust-gaa dilution on cylinder temperatures at constant Indicated 
mean effective pressure of l62 pounds per sauare Inch. Wright 1820 0200, single-cylinder 
test engine; spark advance, 20" B.T.C.; compression ratio, 7.0; oll-out temperature, 170° F; 
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Figure 13. - Effect of Inlet-alr temperature on maximum permissible performance as limited 
by knock. Wright 1820 0200, a Ingle- cylinder test engine; compression ratio, 7.0; spark 
advance, 20^ B.T.C.; oil-out temperature, 170^ F; engine speed, l600 rpm; coollng-alr 
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Figure ik. - Effect of inlet-air temperature on maximum permiBslble performance as 

limited by knock. Wright lg20 0200, single-cylinder teat engine; compression ratio, 7.0; 
epark advance, 20° B.T.C.; oil- out temperature, 170° F; engine speed, l600 rpra; coollng-alr 
pressure drop, 6.5 inches of water; exhaust gas, 0 percent; fuel, Army 100 octane. Cross 
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Figure 15. - Effect of inlet-air temperature on cylinder temperatures at incipient knock. 
Wright lg20 G200 aingle-cylinder teat engine; spark advance, 20° B.T.C; compression ratio, 
7.0; oil-out temperature, 170° F; engine speed, l600 rpm; cooling-air pressure droD, 6.5 
inches of water; exhauat gaa , 0 percent; fuel. Army 100 octane. 



